ABSTRACT Members of the Anopheles gambiae sensu lato (Giles) complex define a group of seven morphologically indistinguishable species, including the principal malaria vectors in Sub-Saharan Africa. Members of this complex differ in behavior and ability to transmit malaria; hence, precise identification of member species is critical to monitoring and evaluating malaria threat levels. We collected mosquitoes from five counties in Liberia every other month from May 2011 until May 2012, using various trapping techniques. A. gambiae complex members were identified using molecular techniques based on differences in the ribosomal DNA (rDNA) region between species and the molecular forms (S and M) of A. gambiae sensu stricto (s.s) specimens. In total, 1,696 A. gambiae mosquitoes were collected and identified. DNA was extracted from legs of each specimen with species identification determined by multiplex polymerase chain reaction using specific primers. The molecular forms (M or S) of A. gambiae s.s were determined by restriction fragment length polymorphism. Bivariate and multivariate logistic regression models identified environmental variables associated with genomic differentiation. Our results indicate widespread occurrence of A. gambiae s.s., the principal malaria vector in the complex, although two Anopheles melas Theobald/A. merus Donitz mosquitoes were detected. We found 72.6, 25.5, and 1.9% of A. gambiae s.s specimens were S, M, and hybrid forms, respectively. Statistical analysis indicates that the S form was more likely to be found in rural areas during rainy seasons and indoor catchments. This information will enhance vector control efforts in Liberia.
Members of Anopheles gambiae sensu lato (Giles) complex are the most important malaria vectors in SubSaharan Africa. Its ability to feed on human blood and rest indoors, together with relatively long and broad distribution because of ecological adaptation allowing sustainable development of Plasmodium parasites, makes it one of the most efficient malaria vectors in the world. Malaria control programs must be customized to target particular species based on behavior and habitat differences (Coluzzi et al. 1979 (Coluzzi et al. , 1985 . Members of the A. gambiae complex include A. gambiae sensu stricto (s.s), Anopheles arabiensis Patton, Anopheles quadriannulatus, Anopheles bwambae, Anopheles melus Theobald, Anopheles merus Donitz, and Anopheles amharicus Coetzee 1987, Coetzee et al. 2013) . These morphologically indistinguishable species vary in their distribution and ability to transmit malaria (Coetzee et al. 2000) . The fresh water A. gambiae s.s and A. arabiensis are the principal human malaria vectors with a wide distribution in West and Central Africa. A. melus and A. merus are important vector species found mainly in coastal regions and breeds in brackish water (Tsy et al. 2003) . A. bwambae, another competent Plasmodium vector, is limited mainly to hot springs (White 1985) . Other Anopheles species such as A. quadriannulatus and A. amharicus are not human malaria vector (Coetzee et al. 2013) . Precise identification of these species was historically problematic. However, this has been achieved based on phenotypic characteristics using polytene chromosome patterns , gas chromatography of cuticular components (Carlson et al. 1980) , and allozyme electrophoresis analysis (Mahon et al. 1976 ). The development of polymerase chain reaction (PCR) methods such as multiplex PCR (Scott et al. 1993) , TaqMan single nucleotide polymorphism genotyping (Walker et al. 2007) and TaqMan real-time PCR assay (Bass et al. 2007 ) has greatly improved the efficiency of differentiation among complex members. PCR identification is often based on the ribosomal DNA (rDNA) sequence, which shows interspecies variability within the intergenic spacer region (IGS) between 3 0 28S coding region and 5 0 IGS region of the genome (Scott et al. 1993) .
A. gambiae s.s distinct subpopulations were defined as five chromosomal forms named Savanna, Mopti, Bamako, Bissau, and Forest, based on the paracentric chromosome inversions of the 2R chromosomal arm (Coluzzi et al. 1979 ) and two molecular forms named S and M (recently named A. gambiae Giles and Anopheles coluzzii; Coetzee et al. 2013 ) based on fixed differences at the rDNA, IGS region located on the X chromosome (Favia et al. 1997 , Favia et al. 2001 . The phenotypic comparisons and the genetic differentiation between M and S forms have been extensively studied , Krzywinski and Besansky 2003 , Lehmann and Diabate 2008 , Esnault et al. 2008 ). Molecular forms share many behavioral and ecological features, including their preferred adult host and feeding behavior. However, they are to some extent reproductively isolated Tripet et al. 2001) . Both molecular forms coexist in West and parts of Central Africa. However, the S form is also reported in Eastern Africa and in rare cases hybrids (M-S) have been documented . The M form is predominant in semipermanent breeding sites created by human activities, such as rice fields, and is reproductively active throughout the year (Touré et al. 1994) , while the S form is more restricted to temporal habitats in rain-dependent sites, such as ephemeral puddles with reproductive activity limited to the rainy season (Diabaté et al. 2005) . These forms have practical consequences for malaria transmission and vector control, as both forms show high susceptibility for Plasmodium infection (Yaro et al. 2006) . The S form has been shown to frequently develop insecticide resistance to pyrethroids, where knockdown resistance (kdr) mutation was observed at a high percentage in S form in Ghana, Mali, and West Africa (Chandre et al. 1999 , Yawson et al. 2004 , Tripet et al. 2007 .
Differentiation between these molecular forms requires two steps: mosquitoes species are first identified via an A. gambiae s.s species-specific PCR; then individuals are assigned at a molecular form level using a restriction fragment length polymorphism (RFLP) method, based on the nucleotide substitution found within the rDNA region (Fanello et al. 2002) or by standard PCR with internal mismatched primers (Wilkins et al. 2006) .
Vector surveillance had previously been limited in Liberia because of a 14-yr civil conflict. The current study was conducted as an effort to identify the main malaria vectors in Liberia. The most recent data on A. gambiae species in Liberia were based on collections from 1953 (Gelfand et al. 1955) . This study has shown that A. gambiae complex and A. melas mosquitoes are the predominant mosquitoes from >11,000 specimens that had been collected and identified morphologically. To update and refine A. gambiae complex distribution in Liberia, we collected information on species distribution, abundance, and seasonality of the A. gambiae complex and its molecular forms in multiple counties in Liberia to assist in the design of an effective vector control strategy to help reduce the human toll from malaria in Liberia.
Materials and Methods
Mosquito Collection. Adult mosquitoes were collected from five counties in Liberia (Montserrado, Lofa, Margibi, Grand Bassa, and Bong; Fig. 1 ) between May 2011 and May 2012, covering both the rainy and dry seasons. Several trapping methodologies were used at each site, including CDC light traps baited with CO 2 and BG Sentinal lures, as previously described by Obenauer et al. 2013 , as well as hay-infused gravid traps, larval collections, and pyrethrum spray catches in houses. Captured specimens were pooled, stored dry, and transported to U.S. Naval Medical Research Unit No.3 (NAMRU-3) for morphological identification (Stojanovich and Scott 1966, Gillies and de Meillon 1968) . Individuals identified as belonging to the A. gambiae complex were dissected, using the legs for molecular characterization.
DNA Extraction. DNA was extracted from A. gambiae legs with the QIAamp DNA mini kit (Qiagen, Valencia, CA) using standard manufacture's protocol; a final 200 ml of DNA extract was eluted and stored at À20 C until molecular evaluation. PCR-RFLP Detection. Species-specific primers targeting the rDNA region (the 28S coding region and 5 0 end of the IGS region) were used to identify species of the A. gambiae complex (Scott et al. 1993 ). The molecular forms of A. gambiae s.s (the M and S forms) were differentiated using the RFLP method established by Fanello et al. 2002 .
PCR was performed using GoTaq Flexi DNA polymerase (Promega, Germany). A 50-ml reaction mixture contained 1 ml of DNA template, 5Â buffer, 1.5 mM MgCl2, 0.1 mM dNTPs, 0.6 pmol of each primer, and 2.5 U polymerase enzyme. Using an ABI 9700 PCR thermocycler, reaction mixtures were initially incubated at 95 C for 5 min; followed by 30 cycles of amplification (94 C for 30 s, 50 C for 30 s, and 72 C for 1 min) followed by final extension at 72 C for 7 min. Amplification products and a DNA-size standard ladder (100 bp, BioRad, Richmond, CA) were evaluated by electrophoresis on a 2% agarose gel, and then visualized by GelRed stain (Biotium, Hayward, CA) and UVtransillumination; gel images were digitally captured. Some positive bands were sequenced to verify their identity and used thereafter as positive controls.
After amplification, one unit of HhaI enzyme (New England Biolab, Hitchin, UK) was added to PCR products and incubated for complete digestion at 37 C for 3 h. This method distinguishes between the molecular forms of A. gambiae s.s (S and M forms). Two fragments were obtained after the digestion of the A. gambiae S form at 257 and 110 bp, with only one fragment obtained for M form at 367 bp.
Statistical Analysis. Chi-square tests were used to compare molecular forms of A. gambiae (M and S forms) using the following variables: regions, months, habitats, resting behaviors, and climatic conditions.
To identify variables associated with genomic differentiation, bivariate and multivariate logistic regression models were fitted to estimate the odds ratio and 95% CI. Variables, with levels of significance <0.25 in the bivariate analysis, were incorporated in the multivariate model that was developed through a backward-stepwise procedure and assessed using a likelihood ratio test, with the exception of two variables: counties and month that demonstrated high collinearity with habitat and climatic condition, respectively. The final multivariate 
Results
In total, 9,078 field-caught mosquitoes were collected, of which 1,696 (18.7%) A. gambiae complex were identified morphologically. All of these samples were positively identified by molecular testing, although 40 samples failed the initial round of PCR and had to be retested. Of these samples, 99.9% (n ¼ 1694) were identified as A. gambiae s.s and 0.1% (n ¼ 2) as A. melus/A. merus (Table 1) . For the A. gambiae s.s, 72.6% (n ¼ 1230) was S form, 25.5% (n ¼ 434) was M form, and the remaining 32 specimens (1.9%) were S-M hybrids (Table 2) .
Counties were either urban (Montserrado, Grand Bassa, and Bong) or rural (Lofa and Margibi). Trap capture rates varied markedly between the five counties; the majority of samples (78%) were collected from Lofa County with 18% from Montserrado and the remaining 4% collected from Margibi, Grand Bassa, and Bong counties ( Table 2) . Distribution of molecular forms across counties is represented in Fig 1. It was estimated that 75, 77, and 79% of S Forms were detected in rural, indoor, and rainy environments, respectively, as shown in (Table 3 ). The S form was dominant in rural counties, with the exception of the urban Montserrado, while more than half of the mosquitoes in the urban Bong County were M forms. Further analysis revealed that >80% of samples in Montserrado County were collected during the rainy season and from indoor habitats; both factors contribute to S form dominance. The assumption of an association between molecular forms and habitat environment (i.e., urban vs. rural environment) was supported by the high degree of collinearity between counties and environmental variables; therefore, counties were excluded from the multivariate logistic regression model.
A similar collinearity was also detected between months during which samples were collected and climatic conditions, where the majority of S forms were detected during the rainy season (May through September 2011 and May 2012), and M forms during the dry season (November 2011 and February through March 2012; Fig. 2 ). Though the month of May showed discrepant result having 55% S forms in May 2011 compared with $90% M forms in May 2012, this discrepancy likely resulted from the climatic nature of the month of May in Liberia, with mixed dry-rainy conditions. It is also evident from the results shown, that the distribution of molecular forms by months, which were dichotomized into two groups reflecting climatic conditions, and the distribution of molecular forms by climatic conditions were exactly the same. Thus, the month of May discrepancy can be overlooked in light of these findings with the decision to exclude months from the multivariate logistic regression made with confidence. Table 3 shows results obtained by bivariate and multivariate logistic regression models. In total, 1,661 samples were included in regression models, after exclusion of 35 samples attributed to three subcategories because of insufficient size: one sample collected from Grand Bassa, samples with hybrid (M-S) molecular forms (32 samples) and the two samples collected during January 2011. In the bivariate analysis, S forms in Lofa and Margibi Counties (both rural) had odds ratio of 1.2 and 1.9, respectively; yet, both were not statistically significant. This is compared with the significant (P ¼ 0.02) odds ratio of 0.3 in Bong County (urban), indicating a 70% higher chance to detect M form of A. gambiae s.s in an urban setting. The detected number of S form in the rainy season (analogous to May through September), was four times more than that of M form, which was found to be statistically significant (P < 0.001). Another significant association was found between the S form and samples collected from rural and indoor habitats, with an odds ratio of 1.4 (P ¼ 0.025) and 2.5 (P < 0.001), respectively.
Using multivariate logistic regression retained all significant variables in bivariate analysis, after opting out counties and months for the aforementioned reasons; i.e., all covariates significant in the bivariate analysis were also significant when controlling for other covariates. In fact, there was a slight increase in the odds of detecting S form in a rural environment, indoor habitat, and rainy seasons to reach odd ratio of 1.6, 2.6, and 4.5, respectively. Anopheles gambiae senso stricto 
Discussion
The A. gambiae complex includes two of the most efficient vectors of malaria parasites in Africa, A. gambiae s.s and A. arabiensis (Coetzee et al. 2000) . Because of their important influence on human health, the precise identification of the member species that comprise this complex and delineating their geographical distribution is of paramount importance. Recent attention has been focused on the splitting of A. gambiae s.s into two incipient species (M and S molecular forms), which increases its epidemiological complexity and might affect malaria transmission patterns and control (Rottschaefer et al. 2011) . In this study, we identified species and molecular forms of the A. gambiae complex using molecular tools and analyzed their geographical distribution in Liberia. This study showed that the A. gambiae s.s species was predominant and had a wide distribution in five different counties of Liberia; this agrees with findings in other West African countries discussed by Coetzee et al. 2000 . The S and M molecular forms were found sympatrically in most counties. S form is predominant with a wide distribution across the country, most were found inside houses and in rainy seasons, which agrees with findings from studies in Benin (Djogbenou et al. 2010) , Nigeria (Onyabe et al. 2003) , and other West African countries (Nwakanma et al. 2013) . The National Malaria Control program reported in their 2011 Malaria Indicator Survey that rural counties such as Lofa and Margibi have higher malaria infection rates than urban counties like those in the Monorovia area. According to our statistical analysis, the S molecular form is more likely to be detected in rural areas during the rainy seasons and with indoor catchments, while the M form was more likely to be found outdoors in urban areas during the dry season. These results agree with recent studies that confirm breeding of the S form in rain-dependent pools and reproductively active during the rainy season, and M form breeding in dry sites that are more closely associated with human activities (Lehmann and Diabate 2008) . Our results agree with findings from a study in Cameroon and other West African countries where the M form was found mainly in urban habitats and the S form was found mainly in rural settings , Kamdem et al. 2012 . The presences of S form in urban region maybe due to the destruction of Liberia infrastructure, which broadens environmental range of S form. The loss of geographic boundaries and indoor collection conducted during the rainy season may have contributed to the S form dominance. The ecological reasons for these geographical differences are still uncertain and further investigation is needed. Ecological niche modeling of M and S forms are needed to enhance our understanding of their distributions in the country. Determination of molecular forms distribution has an important role on mosquito control. Previous studies on insecticide resistance related to the kdr mutation conferring resistance to pyrethroid have shown that the S form is highly insecticide resistant compared with the M form (Yawson et al. 2004 , Triplet et al. 2007 ). For the Ace-1 R, mutation conferring resistance to organophosphates has been detected in both M and S form in the previously studied West African countries (Djogbenou et al. 2008) .
From the collected A. gambiae s.s, 1.9% were molecularly identified as M-S hybrids, where both molecular forms were present. Natural occurrence of M-S hybrids supports other recent studies that show the likelihood of hybridization of A. gambiae in West African countries (Caputo et al. 2011 , Marsden et al. 2011 ). M-S hybrids findings have been recorded at Counties and months where sampling took place were not included in the model as both variables have high collinearity with habitat and climatic condition, respectively. much higher rates in Senegal (3%), the Gambia (7%), Guinea Bissau (20%), and Burkina Faso (36%; Ndiath et al. 2008 , Caputo et al. 2008 , Oliveira et al. 2008 ), but these hybrids are absent or not reported from West-Central Africa, where a complete reproductive isolation between molecular forms was found, such as in Cameroon (Wondji et al. 2005) . Previous studies showing that the notion of reproductive isolation between the molecular forms in most places where they both exist has been broken down to a much broader geographic area than previously suggested. Finding M-S hybrids in Liberia, another West African country, supports these studies. Further entomological and genetic studies are needed to understand the role of the M-S hybrids in malaria transmission and applied vector control measures.
The results of this study have led to further collaboration between NAMRU-3, the Liberian Institute of Biomedical Research, and the Noguchi Memorial Institute for Medical Research in Ghana to establish A. gambiae M-S hybrid colony to profile its importance with regard to insecticide resistance, susceptibility to Plasmodium, and how it may affect vector control strategies.
